Aims: Treatment with glucagon-like peptide (GLP)-1 receptor agonists or dipeptidyl peptidase (DPP)-4 inhibitors might increase gallstone formation; however, the mechanisms involved are unknown. We aimed to assess the effects of these drugs on gallbladder volume and bile acid profile.
In addition, GLP-1 (receptor agonists) inhibits gastric emptying, gastric acid secretion and other aspects of proximal gastrointestinal physiology. 1 Interestingly, recent studies also suggest a role of GLP-1-based therapies in biliary physiology. Acute administration of the GLP-1 receptor agonist exenatide markedly reduced cholecystokininstimulated gallbladder emptying by~40% in healthy volunteers. 2 Moreover, serum bile acid levels are reduced in DPP-4 deficient mice, compared to wild type mice, which is explained by a reduction in bile acid production and enhanced bile acid excretion. 3 Finally, in rat hepatocyte cultures, both GLP-1 peptide and exenatide reduce CYP7A1, the hepatic cytochrome which converts cholesterol to bile acids. 3 The effects of GLP-1 based therapies on gallbladder emptying and bile acid production could explain several observations. First, these actions may accelerate gallstone-formation and explain reports of cholelithiasis and cholecystitis with the use of these agents. [4] [5] [6] [7] In two recent large randomized clinical trials, liraglutide increased the risk of cholelithiasis by > 50%. 4, 7 Moreover, reduced bile acid concentration in the small intestine decreases lipid digestion and absorption, which could contribute to the beneficial effects of GLP-1-based therapies on postprandial lipid profiles. Since bile acids are also important regulators of glucose homeostasis, 8 a reduction in bile acid secretion could also have negative glycaemic effects.
The effects of GLP-1-based therapies on gallbladder motility and bile acid physiology have not been studied during prolonged treatment or in patients with type 2 diabetes. Therefore, we examined our hypothesis that the GLP-1 receptor agonist liraglutide and the DPP-4 inhibitor sitagliptin inhibit gallbladder emptying and reduce bile acid production in patients with type 2 diabetes.
| MATERIALS AND METHODS
This was a randomized, placebo-controlled, double-blind, parallel-group study in which patients received 12-week treatment with liraglutide
Kenilworth, NJ, USA) or matching placebos. The full protocol has been published previously. 9 The study was performed at the VU University Medical Center (VUmc), the Netherlands between July 2013 and August 2015 and was approved by the ethics review board of the VUmc. It is registered at clinicaltrials.gov (NCT01744236) and was conducted in accordance with the Declaration of Helsinki and the International Conference on Harmonisation of Good Clinical Practice. All participants provided written informed consent before participation.
| Participants
We recruited 60 Caucasian patients with type 2 diabetes using newspaper advertisements. Patients were males or postmenopausal females (35-75 years of age; BMI, 25-40 kg/m 2 ) and had an HbA1c of 6.5%-9.0% (48-75 mmol/mol). 
| Treatment and randomization
Eligible patients were randomly assigned to receive liraglutide 1.8 mg, sitagliptin 100 mg or placebo (1:1:1 allocation ratio; block size of six).
Randomization was performed by the trial pharmacist using computer-generated numbers, allowing patients and trial physicians to remain blinded to study-group assignments. Because of the different administration routes of liraglutide (subcutaneous) and sitagliptin (oral), all subjects received pens for subcutaneous injections and oral capsules, filled with active drug or placebo. Prefilled pens with either liraglutide or placebo were provided by Novo Nordisk, while sitagliptin and placebo were encapsulated by ACE Pharmaceuticals (Zeewolde, the Netherlands). Study drugs were taken once daily, at the same time of day in the evening. Subcutaneous injections were started at a dose of 0.6 mg for the first week, 1.2 mg for the second week and 1.8 mg for the remaining 10 weeks. Based on tolerance to the study drug, the time between dose increments could be extended and the dose could be reduced.
| Study end points and procedures
Endpoint measurements were performed at baseline (after a run-in period of 4 weeks to ensure stable conditions) and after 12-week treatment. As previously described, 9 all biliary measurements were secondary endpoints. Gallbladder emptying was measured using meal-stimulated ultrasonography. Bile acid physiology was assessed by fasting and by postprandial serum bile acids and faecal bile acids.
Additionally, gastric emptying was measured using the acetaminophen absorption test, 10 to allow correction for the possible influence of gastric emptying on biliary physiology.
Gallbladder ultrasonography, the acetaminophen absorption test and measurement of the serum bile acid profile were performed during a single visit before and after 12-week treatment. Moreover, patients were asked to bring a stool sample, as described below.
Before each visit, patients were instructed to refrain from using alco- The maximum EF was calculated as: (fasting volume -RV)/fasting volume × 100. 12, 13 Finally, the area under the curve (AUC) of gallbladder volume was calculated.
| Serum bile acids
Levels of unconjugated and tauro-and glycine-conjungated bile acids
ursodeoxcycholic acid (UDCA), tauro-UDCA (TUDCA) and glycine-UDCA (GUDCA) -were measured in serum samples drawn from intravenous catheters before meal ingestion, and 30, 60 and 120 minutes thereafter. The bile acid profile was assessed as described previously. 14 In short, serum samples were purified by centrifugation, evaporation and filtration. Then, quantitative determination of bile acids was performed using a Nexera X2 Ultra High Performance Liquid Chromatography system (Shimadzu, Kyoto, Japan), coupled to a Sciex QTRAP 4500 MD triple quadrupole mass spectrometer (Sciex, Framingham, MA, USA) (UHPLC-MS/MS). Bile acids were separated with an Acquity UPLC BEH C18 Column equipped with an Acquity UPLC BEH C18 VanGuard Pre-Column (Waters, Milford, MA, USA). The peak area was calculated for each serum sample and related to the peak area of an internal standard (D4-labeled bile acids). Bile acid levels below the detection limit of 0.05 μM were classified as 0.025 μM. For statistical analyses, the AUC and incremental AUC (iAUC) were calculated using the trapezoid rule. Moreover, the sum of primary (CA and CDCA) and secondary (DCA, LCA, UDCA) bile acids and the sum of conjugated and unconjugated bile acids were calculated.
| Faecal bile acids and neutral sterols
Levels of unconjugated bile acids (CDCA, CA, DCA, LCA and iso-LCA) and neutral sterols (cholesterol, dihydrocholesterol and coprostanol)
were measured in stool samples, using sample tubes with a scoop in the screw-top. Patients were carefully instructed on collection techniques (to avoid contamination), storage in a dark and cool place and transport to the clinical research unit. Within two days of collection, samples were frozen at −80 C. Bile acids and neutral sterols were analysed as described previously. 15 After lyophilization and homogenization of faeces, bile acids and neutral sterols were determined by capillary gas chromatography on an Agilent gas chromatograph (HP 6890), equipped with a 25 m × 0.25 mm (0.2 μm stationary phase) CP-Sil-19-fused silica column (Varian, Middelburg, the Netherlands) and a flame ionisation detector. Bile acid levels below the detection limit of 2 nmol were classified as 1 nmol.
| Gastric emptying
To measure gastric emptying, 1.5 g liquid acetaminophen (62.5 mL Daro Paracetamol, Remark Groep, Rogat, the Netherlands) was added to the mixed meal. Prior to the meal, and every 30 minutes following the meal up to 180 minutes, serum was collected. After centrifugation, serum was stored at −80 C until analysis. Serum acetaminophen levels were determined using an enzymatic immunoassay on an Architect 4000 (Abbott Laboratories, Abbott Park, IL, USA). The absolute area under the curve (AUC) was calculated, and the maximal acetaminophen concentration (C max ) and the time to reach C max (T max ) were noted.
| Laboratory measurements
Venous blood glucose was measured in all blood samples using an YSI-2300 STAT Glucose analyser (YSI Life Sciences, Yellow Springs, OH, USA). HbA1c, triglycerides, cholesterol, high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C)
were assayed by conventional methods at the Department of Clinical Chemistry in our hospital. 16 
| Sample size, data management and statistical analysis
As current data are part of a larger study, 9 of which the biliary effects were included as secondary endpoints, no a-priori power calculation was performed. However, when using numbers from the study in healthy subjects, 2 where acute exenatide administration reduced ejection fraction (36.5%, SD~15%), we calculated that 14 participants per group would be sufficient (parallel-group design, α 0.05, power (1 − β) 80%).
All data were double-entered into an electronic data management system (OpenClinica LLC, version 3. Because metformin is known to alter bile acid metabolism, 17 additional sub-analyses were performed, where a daily dose of metformin was added to the regression models as covariate. No corrections for multiple testing were performed, to decrease the risk of false-negative findings in this hypothesis-generating study. All analyses were performed using SPSS 22.0 (IBM SPSS Inc., Chicago, IL, USA), and a two-sided p-value < 0.05 was considered statistically significant.
| RESULTS

| Study population
After inclusion but before randomization, two patients withdrew informed consent and two patients were excluded because of incidental findings (malignancy). Thus, 56 patients were randomized to liraglutide (n = 19), sitagliptin (n = 20) or placebo (n = 17) ( Figure S1 , Supporting Information). Treatment was well tolerated, with adverse effects in equal numbers among treatment groups, apart from gastrointestinal disturbances (nausea, diarrhoea; present in 12 liraglutidetreated patients, in two sitagliptin-treated patients and in none of the placebo-treated patients). In the sitagliptin-group, one patient withdrew from the trial because of dizziness and pollakisuria. Per-protocol baseline characteristics were similar among the three groups (Table 1) .
| Gallbladder emptying
Neither treatment influenced fasting volume, RV, maximal EF or the AUC of gallbladder volume, compared with placebo (p > .05) (Figure 1 ). 
| Serum bile acids
| Faecal bile acids
| DISCUSSION
In the current study we observed no effects of 12-week treatment with liraglutide or sitagliptin on gallbladder emptying. Liraglutide increased both plasma and faecal levels of the secondary bile acid 18 Potentially, a lower baseline emptying rate prevents a significant effect of an intervention. Finally, as is clearly established for the effects of GLP-1 receptor agonists on gastric emptying rate, tachyphylaxis may occur with long-acting (e.g. liraglutide), but not with short-acting (e.g. exenatide) agents. 1 The lack of effect of liraglutide on gastric emptying in the current study underlines this hypothesis.
The DPP-4 inhibitor sitagliptin had no effect on gallbladder emptying, which is in line with the current paradigm that these agents have little to no effect on proximal gastro-intestinal motility. 19 The effects of liraglutide and sitagliptin on bile acids differed.
Physiologically, the liver produces the primary bile acids CDCA and CA, while the intestinal microbiome converts these into the secondary bile acids DCA, UDCA and LCA. Liraglutide increased the secondary bile acid DCA in serum and faeces. Because DCA originates by Sitagliptin significantly increased faecal levels of CA, CDCA and UDCA, and a similar pattern was seen with DCA and (iso-)LCA. Interestingly, serum levels of these bile acids also increased, although this did not reach statistical significance. In the steady state, faecal bile acid secretion is a direct measure of body bile acid synthesis. Because bile acids are produced only in the liver, the increase in faecal bile acids indicates augmentation of hepatic bile acid production. In a recent study by Nunez et al., sitagliptin had no effect on serum bile acid levels and C4-levels as proxy for bile acid synthesis in 13 patients with type 2 diabetes. 20 Faecal bile acid excretion was not reported fibrates. 22 While in hepatocytes of DPP-4 deficient mice an increase in mRNA of the cholesterol-transporter (ABCG8) is found, 3 suggestive of increased biliary cholesterol excretion, we found no differences in faecal cholesterol or neutral sterol levels between treatment groups.
From a metabolic perspective, increased levels of bile acids could be relevant. Accumulating data suggest that bile acids improve metabolism through activation of the farnesoid X receptor (FXR) and G protein-coupled bile acid receptor 1 (or TGR5). 16 FXR stimulation reduces hepatic gluconeogenesis and improves insulin sensitivity, while TGR5 activation increases energy expenditure and insulin sensitivity. However, most of these data stem from animal studies, and the only clinical study with a TGR5 agonist found no consistent effect on metabolic parameters. 23 Nevertheless, since liraglutide treatment reduces hepatic gluconeogenesis and improves insulin sensitivity and energy expenditure, 24, 25 it would be of interest to study whether bile acids may have mediated some of these effects. Although our study was not designed to specifically test this hypothesis, we did observe an inverse correlation between the postprandial DCA-curve and postprandial glucose-curve.
An increase in bile acids could induce adverse effects. For example, an excess of faecal bile acids could induce bile acid diarrhoea.
Diarrhoea occurs frequently with liraglutide, yet is not a common side effect of sitagliptin. 26 Mechanisms underlying the drug-associated diarrhoea have not been studied, although some suggest that an osmotic factor is involved. 27 However, since DCA has the highest potency to cause bile acid diarrhoea, 28 this could explain the discrepancy between liraglutide and sitagliptin. Increased faecal bile acid concentration could also increase the risk of colon carcinoma, as especially DCA has been implicated in tumorigenesis. 29 However, no signal for colon carcinoma has arisen from large clinical trials to date.
Metformin reduces serum bile acids and increases the intestinal bile acid pool, probably by reduction of ileal bile acid reuptake. 30 Although metformin use was stable in the current study, evenly distributed across the groups, and did not affect the effects of the GLP- FIGURE 3 Bile acids in faeces. Faecal bile acids and neutral sterols after 12-weeks of treatment with placebo (PCB), sitagliptin (SITA) or liraglutide (LIRA). A, cholic acid (CA); B, chenodeoxycholic acid (CDCA); C, deoxycholic acid (DCA); D, ursodeoxycholic acid (UDCA); E, lithocholic acid (LCA); F, iso-lithocholic acid (iso-LCA); G, coprostanol; H, cholesterol; and I, dihydrocholesterol. All data are presented as median with interquartile range (box) and total range (whiskers). A logarithmic scale was chosen for the y-axis because of the wide range of values. Asterisks (*) indicate statistically significant differences (p < .05) between treatment and placebo, corrected for baseline differences.
able to test this hypothesis, since only three patients were not using metformin, which fits daily clinical practice.
This study has some limitations that need to be recognized. First, for practical reasons, we did not use gold standard tests for gallbladder and gastric emptying (scintigraphy) or bile acid physiology (isotope-measured kinetics). Second, since no active comparator was used, the effects of liraglutide and sitagliptin through glucose lowering cannot be excluded. However, the current trial aimed to assess real-life effects of GLP-1-based therapies, disregarding whether these effects are caused by or beyond glucose lowering. Third, we did not measure the pharmacokinetics of liraglutide or (over-encapsulated) sitagliptin in this study. For the latter, capsules were used which fully degrade within 10 minutes of ingestion, without affecting the pharmacokinetics of the included tablets itself. Fourth, although none of the collected faecal samples were watery diarrhoea, we did not collect data on precise stool consistency and stool frequency, which could theoretically have influenced the results of the faecal tests.
Finally, although the study was adequately powered to assess the hypothesis, the groups were not fit for specific subgroup analyses.
To conclude, while liraglutide and sitagliptin have no effect on gallbladder emptying, both agents increase levels of bile acids, although differentially. The increase in faecal and serum bile acids during liraglutide treatment suggests alteration of intestinal microbiome, while sitagliptin appears to increase hepatic bile acid production.
